ABSTRACT
INTRODUCTION
The interglacial periods of the late Quaternary are frequently investigated as they constitute potential analogues for our modem climate and may shed light on the key questions of natural climate variability and future developments. Speleothems (stalagmites, stalactites) have great potential for documenting the records of past climatic conditions.
The most important and frequently used climate related parameter in speleothems is δ 18 O of calcite. Provided that a stalagmite grows in isotopic equilibrium with its parent drip water, δ 18 O of calcite is dependent on temperature (an increase of 1˚C in cave air temperature results in a negative isotopic shift of ≈0.25‰ in δ 18 O of calcite). However, in all caves the temperature-dependent fractionation of 18 O during calcite precipitation is masked by precipitation-controlled variations in δ 18 O of cave drip water from which the speleothem is formed. δ 18 O of calcite values are therefore primarily influenced by δ 18 O of cave seepage waters and meteoric precipitation respectively, whereas δ 18 O and δD of precipitation are controlled on different times scales by a variety of climatic variables [1] . This makes δ 18 O of calcite and δD in speleothem fluid inclusions useful parameters for reconstructing climate-related changes [2] . δ 18 O values of fluid inclusion water provide direct information on the isotope composition of paleo-precipitation as cave seepage water is fed by water with a meteoric origin. Fluid inclusion water thus represents paleo-rainwater which can be used to reconstruct the hydrological cycle of the past. Studies where "fossil" rainwater can be measured directly are scarce, as rainwater normally does not fossilize. The only other direct measurements are derived from snow in ice cores. Fluid inclusions in speleothems are a new tool providing independent temperature information and direct measurements of fossil rainwater.
Speleothems commonly contain microscopic waterfilled cavities. These so-called fluid inclusions are a geologic archive of paleoprecipitation and paleotemperatures. In the present study we application a technique to analyze the stable isotope composition of fossil drip-water trapped as fluid inclusions in a stalagmite [3] . The measurements of the isotopic composition of fluid inclusion water from speleothems are complicated, the main error is due to adsorption of the inclusion water onto fresh sample fracture surfaces generated during crushing.
Stalagmite presented in this paper was colleted from Nerja Cave (Southern Spain). We present the paleoclimatic information by dating periods of stalagmite growth and by measuring δ inclusions respectively. The combination age of speleothem, δ 18 O and δ 13 C values of calcite and δ
18
O values of fluid inclusions can be considered to identify the climatic evolution during peak interglacial periods (MIS5a) in Southern Spain.
STUDY SITE
The Nerja Cave is located in Andalusia (southern Spain), in the province of Malaga, about 5 km east of the coastal town Nerja. The climate outside the cave is typically Mediterranean, with a wet season from October to February and a long dry season that is especially notable during the summer. The mean annual values for rainfall and temperature are 490 mm and 18.8˚C respectively.
From the geological viewpoint, the Nerja Cave is situated on the southern border of Sierra Almijara, within the Alpujarride Complex of the Betic Cordillera (Figure 1) . This complex has two lithological formations: a lower formation, made up of metapelites of Paleozoic age and an upper one made up of carbonate rocks of middle-upper Triassic [4] . At the base of this latter formation outcrop white dolomitic marbles whilst at its top appears blue calcareous marbles. The cave is developed in the dolomitic marbles which are highly fractured. In some places, this rock is completely shattered, giving rise to a typical sugar texture, with grains made up of single dolomite crystals. Outside the cave, detrital Neogene deposits outcrop discordantly over the Alpujarride rocks. Although the structure of the Alpujarride complex is very complicated on a regional scale, in the surroundings of the cave is quite simple because the marbles have an almost tabular structure, dipping 15˚ -20˚ towards the south [5] . Marbles are limited to the south by normal and strike-slip faults, which have caused significant vertical movements since Pliocene. Karst landforms (karren, dolines, sinkholes) hardly exist in these carbonate rocks but on the other hand, there is a well-developed super- ficial drainage system, favoured by the considerable slopes of the Almijara mountain, as well as the texture of the dolomitic marbles. Karst cavities are rare in the Alpujarride carbonate aquifer; so Nerja Cave is a major exception.
The karstification process which gave rise to this cave occurred throughout the Pliocene and the Pleistocene. During the temperate and hot periods of the Quaternary age enormous quantities of calcite or aragonite deposits were generated. The Triassic marbles outcroping in Sierra Almijara constitute an aquifer of regional importance, which recharge is produced mainly by infiltration of rainwater. As a result of the Plio-Quaternary tectonic activity which affected this area, the cave is currently located in the unsaturated zone of the aquifer, above the piezometric level. The thickness of the unsaturated zone above the cave is highly variable, from 4 to 50 m in the external part, while in the internal area it exceeds 90 m. Except for the gardens near the entrance, only low shrubs or soil are found above the cave. The cave has three entrance points, two of them are sinkholes (at 161 and 162 m.a.s.l.) and the third is a wider entrance which is equipped for tourist visits, found at 158 m.a.s.l. The cave extends almost horizontally between limits of 123 and 191 m.a.s.l. and occupies a volume of about 300,000 m 3 . This cave is an excellent fossil record of its own history and the paleoclimatic and neo-seismotectonic evolution of the area where the cave is located. Nerja Cave consists of numerous halls with a north-south orientation. The sample focus of this study is a stalagmite which was collected in the Montaña Hall. The isotopic composition of the seepage water the interior of the Nerja cave site can be considered as the mean isotopic value for precipitation water surrounding area ( 18 O = −4.8‰) [6] .
METHODOLOGY
The mineralogical composition of the stalagmite was determined by powder X-ray diffraction (XRD) analysis using a X'PERT PRO, PANalytical equipped with a Cu X-ray tube (45 kV, 40 mA). Results from the XRD analysis show that all the studied material consists of aragonite.
The stalagmite was cut along its growth axis. One longitudinal section was polished and crystallographic observations were performed with a binocular microscope. The sample studied was between 60 and 90 mm long. A regular lamination with alternation of thin layers (<0.2 mm) and thick is present. The stalagmite diameter is variable with maximum of 70 mm. The light and dark laminae visible in hand specimen are related to changes in the fabrics. The stalagmite was divided into two parts, the first clear beige translucent crystals, in the middle displays a brown thin layer which was interpreted as a clayey inclusion, this discontinuity does not suggest a long interruption in deposition, and the second part greywhite crystals are observed. Based upon optical and crystallographic features, the crystals displays mainly microcrystalline fabrics and subordinately columnar ones [7] . Stalagmite consists of aragonite crystals and the mineralogical composition appears uniform throughout, with no observed evidence to indicate recrystallization of aragonite to calcite or the presence of alternating mineral laminae.
Ages were determined by Electron Spin Resonance (ESR) indicate that the samples was deposited between 70,000 -90,000 yr ago [8, 9] .
Stables isotope analyses ( 18 O and  13 C) were taken along the growth axis of speleothem and two selected growth layers (Figure 2) . A total of 34 samples were colleted and the sampling for this isotopic study was carried out using a Dremmel tool fitted with a fine tip diamond studded drill bit. The drill bit was cleaned between each sample with an acid wash and de-ionized water and dried. Between five and fifteen milligrams of sample were used and CO 2 was extracted from calcite at 70˚C by reaction with H 3 PO 4 [10] using a mass spectrometer "Dual Inlet" SIRA-II model (VG-Isotech, actually Micromass). Data were corrected for fractionation factors for aragonite. Results of these analyses are shown as the per-mil deviation between the sample and the Vienna Pee Dee Belemnite standard (VPDB) in delta notation.
Analytical precision was 0.1‰ for  18 O and 0.05‰ for
For the analysis of the fluid inclusions the samples were crushed to 0.8 -2 mm fragments and heated in a vacuum of 10 −3 mbar. Following crushing and heating the released water is cryo-distilled into cold trap and held at liquid nitrogen temperature, for a period of up to 10 minutes at static vacuum. After the initial capture, the trap temperature is raised to −120˚C and any CO 2 and other non-condensable gases are pumped to waste. During this process ≈3 -5 μl of water were extracted [3] . The inclusion water was trasferred to crimp top vials with rubber/PTFE crimp caps which were perfectly sealed with a crimping tool. Stable hydrogen (δ 2 H) isotopes in water samples were measured using a continuous-flow GV Instruments mass spectrometer attached to an Elemental analyzer with a liquid autosampler (EuroVector). Water samples (0.7 µl) are injected into an injector port heated at 150˚C. The injector is connected to a reaction tube filled with Cr and heated at 1080˚C [11] . The reduction of the water occurred into the reaction tube. The memory effect was evaluated and minimized analysing two sample replicates. The δ 2 H results are given with respect to VSMOW with a precision better than ±0.5‰.
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δ
18
O/δ
13
C of Stalagmite
The oxygen and carbon isotope record of stalagmite is shown in Figure 3 and To establish a reliable palaeoclimatic record based on oxygen isotopes, stalagmites should precipitate at or near the isotope equilibrium [12, 13] . This equilibrium during calcite precipitation was checked for using Hendy's cri- teria [14] . Using the criteria of Hendy test [14, 15] the stalagmite was tested, along a single growth layer and was cut perpendicular to its length in order to expose its growth laminae and to permit checks for a secondary alteration [16] . Two single-layer sample series were tested in order to determine if the deposition had taken place under conditions of isotope equilibrium. Each of the series included 9 and 10 samples drilled along the same growth layer. The "Hendy test 1" (samples 5a, 5b, 5c, 5d, 5e, 5, 5f, 5g, 5h) corresponds to internal layer and the results are given in Table 2 and graphically in the Figure 4 . The "Hendy test 2" (samples 10a, 10b, 10c, 10d, 10e, 10, 10f, 10g, 10h, 10i) corresponds to external layer and the results are given in Table 2 and graphically in the Figure 4 .
According to Hendy [14] , the oxygen isotope composition of the calcite in each layer should be largely independent of the distance from the apex, when no kinetic isotopic fractionation occurs and calcite precipitates in isotopic equilibrium. Besides, no covariation between carbon and oxygen isotopes should be observed in each growth layer. Analysis of individual growth bands is commonly referred to as the "Hendy test" [17, 18] . Isotopic disequilibrium, caused by evaporation or abnormally fast exsolution of CO 2 , causes both isotopes to become enriched from drip point down the side of the stalagmite where the growth layers are dipping steeply [19] . Analyses of δ 13 C and δ
18
O and the relationship between these from two randomly selected growth layers showed that the stalagmite was precipited under isotopic equilibrium and that the aragonite isotopic values do not reflect kinetic effects and thus is suitable for paleoclimate study.
δD and δ
O of the Fluid Inclusions
The results of oxygen and hydrogen isotopic composition of the recovered water has a mean value of −6.1‰ and −42.21‰ (VSMOW) respectively. The oxygen isotope composition has a ranging from −6.4‰ to −5.8‰ O values combined plot on the Global Meteoric Water Line (GMWL; Figure 5) . In this figure also shows the values of the rainwater, dripwater [6] and fluid inclusions from speleothems of the Nerja Cave [3] .
Paleotemperatures Calculations
In Table 1 , we have included the paleotemperatures calculated, for each sample drilling in the section of stalagmite analysed, using the equation for temperature-dependence for aragonite [20] . The paleotemperatures was calculated using the average value δ 
DISCUSSION
Isotopic studies of speleothems have focused on δ 18 O of calcite as the principal paleoclimatic proxy, supplemented by δ 13 C as an indicator of changes in soil bioactivity. Other studies have also shown the potential for direct measurement of paleotemperatures using measurement of δ 18 O and δD of fluid inclusions [21] [22] [23] [24] [25] [26] . The stalagmite was deposited during the time interval 70 -90 ky ago, in the ending isotopic stage 5 (interglacial period MIS5a), when the phreatic level of the waters in the cave decreased [27] . This period in the cave is characterized by maximum growth of speleothems and the precipitation is associated with warm and relatively wet periods [28] . On the other hand, when no evaporation occurs at the surface or in the epikarst, δ 18 O and δD of cave drip waters are close to mean annual isotopic composition of precipitation. In Nerja Cave, these effects seem to be negligible because the isotopic composition of cave drip waters is very close to those of precipitation above the cave [6] . Therefore, speleothems formed from these waters can be considered to be faithful recorders for δ 18 O and δD of local precipitation in the past. A uniform stalagmite growth rate indicates an accretion rate of about 3 mm/ka. The δ 13 C and δ 18 O values in the stalagmite show large variations. For δ 13 C these fluctuations are often explained by changes in vegetation [29, 30] , the most obvious changes being related to photosynthetic pathways. 13 C of speleothem comes from limestone CaCO 3 and soil CO 2 . The changes in δ 13 C of speleothems reflect only the variation of δ 13 C in soil CO 2 , for δ 13 C of CaCO 3 in limestone is nearly constant. The δ 13 C record roughly follows the same trend as the δ 18 O record [31] . When the correlation between δ 13 C and δ 18 O is good, as it is in this case where r = 0.913, we have a clear correlation between hydrology and vegetation above the cave. The higher δ 13 C values may reflect, at least in part, an enrichment of the heavier 13 C isotope in the aragonite crystals. The equilibrium carbon isotope composition of aragonite is ~2‰ -3‰ heavier than calcite [32] , and kinetic effects typically result in aragonite values that are even higher than expected [33] . McMillan [34] reported a 2.5‰ difference in δ
13
C between aragonite and calcite layers in the same speleothem from Grotte de Clamouse, France, and Zhang [35] observed a consistent 13 C enrichmentof 5‰ -7‰ between coeval aragonite and calcite speleothems from Marengo Cave, USA. The variation in the δ 13 C signal is used here to illustrate the sensitivity of terrestrial climate response in the southern Mediterranean region to events that occurred during the last inter-glacial period [36, 37] and correlates directly with a similar event in the speleothem from Cova de Cala Falcó, Mallorca, Spain [37] .
The oxygen isotope data permit further constraints on the processes that governed the formation of this speleothem. Mean annual air temperature is known to correlate with the oxygen isotope composition of mean annual precipitation, the latter being higher during warm years and vice versa [38] . Oxygen isotope records are plotted against depth along the stalagmite apex in Figure 6 , together with those obtained from NGRIP δ 18 O on the ss09sea timescale [39] . The δ 18 O signal in the stalagmite is primarily a response to two factors: 1) isotopic fractionation in the meteoric system of ocean water, water vapor, and precipitation; and 2) isotopic fractionation in the cave system, that is, the temperature-dependent fractionation in the cave drip water/calcite deposition system. Paleoenvironmental and paleoclimatic conditions expressed in the δ 13 C-δ
18
O time-serie record define two intervals: the first stage characterized by decreased vegetation associated with cool-dry conditions during this period, the high values suggest that vegetative productivity declined.
These values may also reflect lower drip rates, consistent with decreased precipitation, and degassing in the epikarts. 
O values suggets more biological productivity associated with warm conditions. The low δ 13 C values reflect relatively high drip rates fed by abundant precipitation and a lower degree of mixing between atmospheric and biogenic CO 2 . Under these conditions, weakened cave air ventilation resulted in reduced degassing and lower speleothem δ 13 C values. The oxygen and carbon isotope variations measured suggest that during MIS 5a temperature was cooler than at present in the south of Spain. The stalagmite record contributes to enhanced understanding of climatic variability in this region of southern Spain.
CONCLUSIONS
This study shows that hydrogen isotope analyses of speleothem fluid inclusions in combination with oxygen isotope analyses of speleothem enable the reconstruction of climatic variability in this region of southern Spain. Fluid inclusion isotope analysis drastically improves paleotemperature reconstructions based on speleothem calcite δ 18 O data, because it provides the δ
18
O value of cave drip water through time, which is usually the most important unknown in paleotemperature equations. On the other hand, δ 13 C values of stalagmite provide information about the history of vegetation and climatic conditions. Changes in biological productivity and inorganic processes in response to climatic conditions associated a mediterranean climate originate the variations in the δ 13 C values. Results for the Nerja Cave show the isotopic record from MIS5a which reveals a relatively stable climate and indicates colder conditions than at present.
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